The influence of the stratospheric quasi-biennial oscillation (QBO) on the polar night jets (PNJs), subtropical easterly jets (SEJs), and associated Rossby wave breaking (RWB) is investigated using global meteorological analyses spanning 10 recent QBO cycles. The seasonal dependence of the descent of the QBO is shown by using five layered shear indices. It is found that the influence of the QBO is distinctive for each combination of QBO phase, season, and hemisphere (NH or SH). The following QBO westerly (W) minus easterly (E) differences in the PNJs were found to be significant at the 97% level: When a QBO W (E) maximum is in the lower stratosphere (;500 K or ;50 hPa), the NH winter PNJ is stronger (weaker), in agreement with previous results (mode A). Mode A does not appear to operate in other seasons in the NH besides DJF or in the SH in any season. When a QBO W (E) maximum is in the middle stratosphere (;700-800 K or ;10-20 hPa), the PNJ in the SH spring is stronger (weaker), also in agreement with previous results (mode B). It is found that mode B also operates in the NH spring. A third distinctive mode is found during autumn in both hemispheres: a QBO W (E) maximum in the middle stratosphere coincides with a weaker (stronger) PNJ (mode C). The signs of wind anomalies are the same at low and high latitudes for modes A and B, but are opposite for mode C. This sensitive dependence on QBO phase and season is consistent with the nonlinear nature of the interaction between planetary waves and the shape of the seasonal wind structures.
Introduction
The stratospheric quasi-biennial oscillation (QBO; Reed et al. 1961; Wallace 1973; Baldwin et al. 2001) , with its irregular (22-32 months) periodic reversal in zonal wind, creates long-lasting anomalies that influence the globe. In 1980, Holton and Tan (1980) discovered a significant correlation between QBO westerlies (W) at 50 hPa and the strength of the boreal polar night jet (PNJ). They suggested that sudden stratospheric warmings are less likely during QBO W, when the zero wind line lies in the summer subtropics. The QBO modulates the position of critical surfaces and thus the propagation and absorption of extratropical planetary Rossby waves (e.g., Holton and Austin 1991; Haynes et al. 1991; O'Sullivan and Young 1992; O'Sullivan and Chen 1996; Kinnersley and Pawson 1996; Hamilton 1998; Niwano and Takahashi 1998; Gray et al. 2001) . When QBO easterlies (E) are in the tropical stratosphere, the zero wind line lies in the winter subtropics, and planetary Rossby wave breaking (RWB) is more likely to occur in the northern winter (McIntyre and Palmer 1983) . This takes the form of a large occlusion, with a surge of warm air over the pole causing a sudden warming. During QBO W, wave activity extends over a larger volume; hence, RWB is less likely and the PNJ tends to be stronger. Some of these studies emphasized the sensitivity of the influence of the QBO to the vertical location of QBO wind anomalies, a theme which is explored further in this paper. Another significant statistical relationship was found by Newman and Randel (1988) and Baldwin and Dunkerton (1998) : during SH spring the PNJ is stronger when QBO W are in the middle stratosphere. Naito et al. (2003) diagnosed QBO influences in perpetual winter simulations of ;27 yr duration, with either QBO E or W winds maximizing near 50 hPa. They found polar temperatures to be systematically warmer during QBO E and found significant influences in the troposphere. This paper describes the relationship between the QBO and the PNJs for each season, hemisphere, and phase of the QBO, averaged over 10 cycles.
Further motivation for exploring this relationship comes from the known influence of the QBO on the distribution of ozone (Hasebe 1983; Shiotani 1992; Randel and Cobb 1994; Kinnersley and Tung 1998) , volcanic aerosol (Trepte and Hitchman 1992; Hitchman et al. 1994) , and other radiatively and chemically important trace constituents. Moreover, the QBO can influence tropospheric weather via vertical coupling in the extratropics (Baldwin and Dunkerton 2001; Thompson and Wallace 2001; Wallace and Thompson 2002; Robinson 2000 ; Thompson and Solomon 2002; Thompson et al. 2005) or by modulating deep convection in the tropics (Reid and Gage 1985; Gray et al. 1990; Collimore et al. 1998; Giorgetta et al. 1999; Collimore et al. 2003) . In this work we employ global meteorological analyses after 1978 and calculate RWB statistics to further explore the relationship between the QBO, waves, and wind structure.
A reversed potential vorticity (PV) gradient can indicate the presence of an amplifying Rossby wave, causing differential advection of PV contours to the point of PV gradient reversal, or RWB (McIntyre and Palmer 1983) . A reversed gradient implies 3D folding of material contours, an enstrophy cascade, and ensuing mixing; hence, the distribution of RWB is a useful indicator of irreversible transport by synoptic-and planetary-scale Rossby waves. RWB statistics have been calculated for various locations and seasons by Baldwin and Holton (1988) , Peters and Waugh (1996, 2003) , Postel and Hitchman (1999, 2001 ), Waugh and Polvani (2000) , Knox and Harvey (2005) , Berrisford et al. (2007) , and Martius et al. (2007) . Hitchman and Huesmann (2007, hereafter HH07) provided a seasonal climatology of RWB statistics throughout the 330-2000-K layer. HH07 showed a striking structure at the equator: a strong PV gradient occurs in each season, flanked by RWB in the subtropics, primarily on the summer side. This paper explores the influence of the QBO on the distribution of RWB statistics, including the PV gradient, which describes jet structure, and the frequency and strength of reversals. Focal topics include the QBO influence on the equatorial PV gradient maximum, PNJs, subtropical easterly jets (SEJs), and the associated RWB. Haynes and Shuckburgh (2000a,b) used the coordinate transformation technique of Nakamura (1996) to create a climatology of effective diffusivity, which exhibits similar patterns to the RWB distributions of HH07. Shuckburgh et al. (2001) used 6 yr of European Centre for Medium-Range Weather Forecasts (ECMWF) data in the 380-800-K layer to show that QBO W enhance barotropic instability waves in the SEJ, with characteristic zonal wavenumbers 6-10. This zonal scale is also visible in Fig. 6e of HH07. With increasing altitude, one expects an increase in growing and breaking synoptic Rossby waves in the SEJs (Salby 1981; Plumb 1983; Burkes and Leovy 1986; Limpasuvan and Leovy 1995; Orsolini et al. 1997; Shuckburgh et al. 2001) . Shuckburgh et al. (2001) showed that the PV gradient is reversed and EP fluxes are divergent on both flanks of QBO W.
Planetary waves entering the tropical middle atmosphere from a westerly hemisphere can trigger inertial instability (Hitchman et al. 1987) . Strong negatively curved zonal flow at the equator is compatible with strong inertial instability on the winter side and with a more strongly positively curved SEJ and greater barotropic instability on the summer side (Hitchman 1985) . This would tend to favor RWB on the summer side during QBO W, with the effect increasing into the upper stratosphere. A discussion of inertial instability and the summer to winter flow is given by Semeniuk and Shepherd (2001) .
The goals of this paper are to explore the influence of the QBO on the structure of stratospheric jets and RWB for each season in both the SH and NH. Section 2 describes the data and analysis methods. In section 3 the effect of the QBO on the equatorial PV gradient maximum is explored. In section 4 the seasonal dependence of the meridional structure of the QBO is explored using five shear indices (Huesmann and Hitchman 2001 ). This provides a framework for relating the phase of the QBO to phenomena across a range of levels. The influence of the QBO on the PNJs is shown for each hemisphere, season, and phase of the QBO. In section 5 the effect of midstratospheric QBO wind anomalies on RWB statistics is explored. Then QBO effects in the tropical stratosphere are contrasted for the middle and upper stratosphere. Conclusions are given in section 6.
Data and analysis
The data used in this study are from the National Centers for Environmental Prediction (NCEP) reanalyses (Kalnay et al. 1996; Kistler et al. 2001; www.cdc. noaa.gov) , and the 40-yr ECMWF Re-Analysis (ERA-40; Uppala et al. 2005) . Because of continuity problems that may have occurred when satellite data first became readily available Fiorino 1998, 1999; Huesmann and Hitchman 2003) , only data after 1978 are included in the present study. For NCEP, 27 yr of data are used; for ECMWF, 24 yr (1979 ECMWF, 24 yr ( -2002 are used (ending in August 2002). Baldwin and Gray (2005) and Punge and Giorgetta (2006) concluded that ERA-40 represents the QBO with reasonable verisimilitude.
The NCEP reanalyses extend from the surface to 10 hPa, whereas the ECMWF reanalyses extend to 1 hPa. Data are given on a 2.58 grid on pressure levels and interpolated to potential temperature (isentropic) levels. Daily mean PV values were calculated from 6-h means and interpolated to isentropic levels. The daily variability in PV gradient (s P y ) can be used as a measure of Rossby wave activity.
The RWB statistics are calculated using daily mean PV values as in HH07. For each point, the number of days during which the northward PV gradient is negative (P y , 0; i.e., ''reversal days'') is counted. For each reversal, the values of P and P y are stored. From these data, we calculate reversal frequency (n, in units of reversal days per 100, or rpc), reversal strength (S, the absolute value of the average gradient on reversal days only), zonal and meridional reversal extent (L x and L y ), and reversal duration (T).
QBO indices were created for each dataset using the methods of Huesmann and Hitchman (2001) . Monthly mean zonal wind anomalies u 0 were defined by subtracting an annual cycle composite. The index for each layer is the upward difference in u 0 at the equator. This index is then used to define each month as characteristically westerly shear (WSh; positive › u 0 /›z), easterly shear (ESh; negative › u 0 /›z), or intermediate. Approximately 1/5 of the months are classified as intermediate, being near the maximum in QBO W or E. There are four indices for NCEP (10-20, 20-30, 30-50, and 50-70) and five for ECMWF (7-10, 10-20, 20-30, 30-50, and 50-70) . The relationship between pressure levels and isentropes is shown in Fig. 1 . The image breaks at 410 and 850 K emphasize changes in vertical scale. In the tropics these five layers are centered near 900, 800, 700, 550, and 450 K (Fig. 1) . By using lag correlations and these indices, the relationship between a variable and any phase of the QBO can be explored. Results are shown for the December-February (DJF), March-May (MAM), JuneAugust (JJA), and September-November (SON) seasons. For the 24 overlap years, the correlation coefficients between NCEP and ERA-40 shear indices are 0.86 for the 10-20-hPa, 0.89 for the 20-30-hPa, and 0.94 for the 30-50-and 50-70-hPa indices. All of the features emphasized here are apparent in both the NCEP and ERA-40 analyses. ERA-40 results were selected for presenting here.
The statistical significance of relationships between QBO shear indices and other variables was evaluated using Student's t tests. The score for a difference between two means is compared with expectations from sampling a random population and a statistical significance is assigned. The 27-yr NCEP record spans about 12 QBO cycles; the 24-yr ECMWF record spans more than 10 cycles. Each season is assumed to be statistically independent from year to year. After subtracting 1/5 of the cases as intermediate, the 27-yr NCEP record contains about 11 independent QBO W-E estimates, and the 24-yr ECMWF record contains about 9 independent QBO W-E estimates for each season. Statistical significance is indicated by shading in QBO W-E difference figures. A QBO W-E difference that is significant at the 97% level means that only three out of 100 sample mean pairs from a random population would have equal or larger differences. Coherence in space and time and consistency with known dynamics are essential for interpreting statistically significant results as causally related.
QBO influence on the equatorial PV gradient maximum
ERA-40 zonal-mean winds and PV for January 1979 are shown in Fig. 1 . The ERA-40 wind and PV structure agree well with high-vertical resolution Limb Infrared Monitor of the Stratosphere (LIMS) analysis for that month (Hitchman and Leovy 1986) . Note the PNJ exceeding 45 m s 21 near the stratopause, the summer subtropical westerly jet (SWJ) reaching above 50 hPa near 608S, and a strong SEJ that extends across the equator in association with the QBO and semiannual oscillation (SAO). QBO W are seen near 50 hPa, overlain by deep QBO E, with a sharp layer of SAO westerly shear near 5 hPa. An examination of the PV contours in Fig. 1b shows that they are pinched together by the convergent QBO meridional flow in W and WSh and spread apart by divergent flow in E and ESh (Hitchman and Leovy 1986) . The quantity P y at the equator is stronger in QBO WSh and weaker in QBO ESh.
The time-mean enhanced PV gradient at the equator reported by HH07 may be due to chronic enhancement at the equator that is modulated by the QBO. The quasisinusoidal nature of descending convergence and divergence patterns argues against a nonlinear enhancement by QBO W and a nonzero time mean. An underlying causal agent for the P y maximum may be that cross-equatorial flow implies inertial instability in the receiving hemisphere, which will tend to create u yy , 0 and enhanced P y at the equator. With stronger negative flow curvature at the equator, one might expect enhanced barotropic instability in the SEJ. The enhanced RWB in the SEJ would tend to ''expel'' PV contours toward the equator, contributing further to the equatorial P y maximum.
QBO influence on the PNJs
The seasonal cycle in ERA-40 zonal-mean zonal wind provides the context for QBO variations (Fig. 2a) . Familiar tropical features include time-mean easterly winds over the equator in the 500-1000-K layer and the SEJs in the spring, summer, and fall. Dunkerton (1989 Dunkerton ( , 1991 showed that this deep layer of time-mean equatorial easterlies and SEJs results from advection of angular momentum by the Brewer-Dobson circulation. In the extratropics the westerly PNJs begin in the fall and end in the spring, with SH flows being much stronger than in the NH. Because planetary Rossby wave activity is stronger in the NH winter than in the SH winter, the NH PNJ experiences more RWB, which decelerates the jet (Fig. 2a) . Note the seasonal variation in the SWJs near 350 K and the extension of weak westerlies to ;500 K over the summer poles. Also significant is the persistent negative curvature in the zonal wind field at the equator in each season: u yy , 0, corresponding to the P y maximum. This feature is also chronic in the NCEP and Met Office analyses (HH07).
QBO WSh-ESh differences in ERA-40 zonal wind for the five indices are shown in Figs. 2b-f. Selecting a different index (and time lag) selects a different stage in the life cycle of the QBO (Huesmann and Hitchman 2001) . Some QBO effects can be seen near the subtropical tropopause in some panels, especially in DJF for the 50-70 index and SON for the 7-10 index.
QBO winds affect the PNJ via planetary wave-mean flow interaction, but Fig. 2 suggests that the relationship is complex, with a distinctive Rossby wave structure and flow geometry for each season, hemisphere, and phase of the QBO. The lower left panel confirms the relationship found by Holton and Tan (1980) : the NH PNJ is stronger (weaker) during DJF when a QBO W (E) maximum is in the lower stratosphere (Fig. 2f) . Let us call this HoltonTan relationship mode A. This relationship during DJF is also seen in results for the 10-20-and 20-30-hPa shear indices (Figs. 2c,d) , although the significance level is less than 90%. This is perhaps due to reduced phase coherence for the lowest stratospheric QBO wind anomaly when the shear index is farther away. There are no significant extratropical signals in the 50-70-hPa index for the NH during MAM, JJA, and SON, and none in the SH (Fig. 2f) .
The 20-30-and 30-50-hPa indices (Figs. 2d,e) reveal a significant influence of the QBO on the SH during SON. When a QBO W (E) maximum is in the middle stratosphere (700-800 K or 10-20 hPa), the PNJ in the SH spring is stronger (weaker). This confirms the results reported by Newman and Randel (1988) and Baldwin and Dunkerton (1998) shows that this relationship also holds for the NH springtime: stronger (weaker) polar winds when a QBO W (E) maximum is in the middle stratosphere. Let us call this mode B. This relationship can also be seen in Fig. 2b for MAM.
Middle-stratospheric QBO wind maxima also affect the PNJs during autumn: a QBO W (E) maximum near 700-800 K coincides with a weaker (stronger) PNJ. Let us call this mode C. The signs of the wind anomalies at low and high latitudes are the same for modes A and B, but are opposite for mode C. The JJA 30-50-hPa index (Fig. 2e) shows a significant influence on the NH summer midlatitude zonal winds near the tropopause. There are also highly significant regions in the mesosphere. These results are consistent with theoretical expectations that QBO wind anomalies alter the critical surfaces for planetary and synoptic waves.
Many studies have explored the effects of the QBO on the NH PNJ. The relationships shown in Fig. 2 provide useful information regarding Rossby wave-mean flow dynamics in other QBO phases and seasons and in the SH. During MAM and SON the wind and Rossby wave structure are different than in DJF, and this is reflected in different relationships between the QBO and the PNJ. Spring and fall seasons usually have narrower and weaker westerly jets and planetary waves are often traveling quickly, especially in the SH. During JJA, the meridionally confined traveling wave-2 interacts with the strong westerly jet in the SH differently than the meridionally more extensive planetary waves in the weaker but broader NH PNJ. These relationships represent points on a continuum envisioned by Fels (1985) , with the strong flow, weak wave regime in the SH during JJA and the weak flow, strong wave regime in the NH during DJF representing two of many possible combinations. Differences in NH and SH winter wave regimes are discussed by Shiotani and Hirota (1985) .
Seasonal mean and QBO differences in meridional wind are shown in Fig. 3 . It should be emphasized that QBO meridional winds are expected to be on the order of 0.2 m s 21 ; hence, this variable is less robust than zonal wind. This is reflected in the smaller areas of shading for statistical significance in Fig. 3 relative to Fig. 2 . It is also much more affected by dynamical constraints in the assimilation process. The upper panels show the seasonal cycle of meridional wind. During NH winter strong northward flow exists near the stratopause (Fig.  3a, DJF) , associated with the boreal winter phase of the SAO (Hitchman and Leovy 1986) . There is only a hint of southward flow during austral winter (Fig. 3a, JJA) , in agreement with Delisi and Dunkerton (1988) , who showed that the ''first'' SAO cycle is stronger than the ''second.'' Near the tropical tropopause, northward flow dominates during DJF and MAM, whereas southward flow dominates during JJA and SON, in agreement with the seasonal change in the Hadley circulation.
The meridional circulation cells associated with the QBO can be seen in Figs. 3b-e. During the solstices (DJF and JJA), QBO E coincide with enhanced flow toward the winter hemisphere, whereas QBO W coincide with reduced flow toward the winter hemisphere. This relationship is consistent with a stronger residual circulation toward the region of enhanced wave activity absorption in the winter hemisphere during QBO E. During the equinoxes (MAM and SON), QBO meridional wind anomalies occur in a quadrupole pattern, with meridional convergence into QBO W. Thus, the solstices are characterized by QBO meridional mass circulation primarily with the winter side, whereas convergence is more symmetric about the equator during the equinoxes. The effects of this on ozone are discussed by Jones et al. (1998) .
QBO influence on tropical RWB and the SEJs
Previous authors have explored the effects of QBO wind anomalies in the lower stratosphere. Figure 4 explores the effects of middle stratospheric QBO W on tropical jets and RWB statistics using the 30-50-hPa index with zero lag (Fig. 2e) . Inspection of Fig. 2 shows that when the 30-50-hPa index is positive, westerlies maximize near 700 K or 20 hPa. Figure 4 shows the zonalmean distributions of P y , n, s Py , and S for DJF and JJA, together with the QBO differences in these quantities. An enhanced PV gradient at the equator is seen from the tropopause to the stratopause during both DJF and JJA (Fig. 4a) , as shown by HH07. Each PNJ, SEJ, and SWJ is evident in the seasonal mean PV gradient patterns. With QBO W in the middle stratosphere, the PV gradient is enhanced at the equator and diminished in the subtropics (Fig. 4a, columns 2 and 4) . The PV gradient anomalies are roughly equal and opposite for QBO E and W; hence, the time-mean PV gradient enhancement is probably not a nonlinear by-product of the QBO itself.
The distributions of n for DJF and JJA are shown in Fig. 4b (columns 1 and 3) . The winter midlatitude surf zones are evident equatorward of the PNJs. The summer polar RWB regime identified by HH07 is also seen. The SEJ on the summer side sports a separate RWB regime. During QBO W and DJF n is larger in the summer (SH) SEJ (Fig. 4b, column 2) , but during QBO W and JJA n is larger on both sides of the equator (Fig.  4b, column 4) .
Variability of the PV gradient is largest in the winter stratosphere and along the tropopause (Fig. 4c, columns  1 and 3) , similar to the distribution of planetary and synoptic Rossby wave activity. With QBO W, during both DJF and JJA there is more penetration of Rossby waves from the winter hemisphere into the tropics, causing greater variability there, with correspondingly less variability in the winter extratropics (Fig. 4c , columns 2 and 4). Above 850 K at this phase of the QBO there is reduced Rossby wave activity in the QBO easterlies in the tropics and enhanced activity in the westerlies over the winter pole.
The solstitial distributions of S are shown in Fig. 4d  (columns 1 and 3) . RWB is moderately strong in the winter stratosphere and tropopause layer and is especially strong on the poleward side of the SWJs and PNJs. During QBO W, RWB is stronger at the equator and in the summer SEJ (Fig. 4d, columns 2 and 4) . The n maximum in the winter SH subtropics during JJA (Fig.  4b , column 4) therefore involves quite weak RWB. This supports the idea that QBO W enhances positive curvature and barotropic instability, leading to stronger RWB in the SEJ.
QBO differences in the structure of the PV gradient maximum, SEJs, and associated RWB are compared for the middle and upper stratosphere and for the two solstices in Fig. 5 . QBO differences in P y and n are shown 
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at 1300 K using the 7-10-hPa index leading by 2 months (Figs. 5a,b) and at 650 K using the 30-50-hPa index leading by 1 month (Figs. 5c,d ). These were selected to give maximum QBO W at each level and to emphasize tropical phenomena. The results for 650 K (Figs. 5c,d ) collapse to the zonal-mean values shown in Figs. 4a,b (columns 2 and 4) and correspond to the situation shown in Figs. 2e and 3d (DJF and JJA). The results for 1300 K (Figs. 5a,b) correspond to the situation shown in Fig. 2b (DJF and JJA). When QBO W are present, the equatorial PV gradient is enhanced. At 650 K this is flanked by subtropical regions of reduced PV gradient (Figs. 5c,d ). Shading indicates differences significant above the 85% level, with dark (light) shading indicating a more (less) positive PV gradient during QBO W. In the zonal mean this relationship is significant at the 97% level (shading in Fig. 4a, columns 2 and 4) .
The zonal-mean QBO W-E difference in RWB frequency near 650 K shows more RWB events in the SH subtropics during DJF (Fig. 4b, column 2 ) but indicates that n is enhanced in both subtropics during JJA (Fig.  4b, column 4) . This is seen in the pattern of circles in Figs. 5c,d. Circle shading is light (dark) for more (fewer) events during QBO W. The statistical significance is shown only for the zonal-mean values (Fig. 4b) . At 650 K, light circles are found throughout the SH SEJ during DJF and in both subtropics during JJA, indicating enhanced n in the SEJ during QBO W. A typical circle size in the subtropics in Fig. 5 is about 10-15 rpc, which agrees with the subtropical maxima in Fig. 4b (columns 2 and 4) for QBO differences. These ranges are comparable to the seasonal mean values (Fig. 4b , columns 1 and 3); hence, the QBO is exerts a strong influence on RWB frequencies in the tropics.
At 1300 K the equatorial PV gradient is clearly enhanced during QBO W in DJF (Fig. 5a ), but less so during JJA (Fig. 5b) . In the upper stratosphere flanking negative anomalies occur only on the summer side and they are weaker than at 650 K. QBO differences in RWB frequency at 1300 K show enhancement in the summer SEJ but have no influence on the winter side (Figs. 5a, b) . The QBO signal in the PV gradient and the RWB frequency is muted during JJA in the upper stratosphere. This may be related to the much stronger meridional flow from summer to winter hemisphere that exists in the upper stratosphere during DJF (Fig. 3a) , the ''first'' phase of the SAO (Delisi and Dunkerton 1988) . In this scenario, stronger inertial instability may erode any chances of in situ wave growth and synoptic RWB on the winter side in the upper stratosphere. During JJA in the upper stratosphere, the weak meridional flow creates a weaker SEJ and weaker inertial instability and RWB. Cross-equatorial flow is weaker in the middle stratosphere (Figs. 5c,d ) and the effect of interhemispheric flow is greatly reduced; hence, symmetric enhanced SEJs and RWB exist on both flanks of QBO W.
Throughout Fig. 5 there is a general spatial correlation between light-shaded circles and reduced PV gradient. Where the gradient is less positive (or more negative), there are more RWB events. These regions correspond to a stronger positively curved wind profile or enhanced SEJs with a greater tendency toward instability.
There is a noticeable tendency for QBO W and P y to be weaker over the central and eastern Pacific and stronger in the Eastern Hemisphere, especially near Indonesia. This may be related to geographical variation in the intensity of convection and associated gravity wave driving. Because the QBO is driven in part by gravity waves illuminating the stratosphere above convection, one might expect westerly gravity waves to drive a more intense local circulation over convection. The narrowness of the arrival of the QBO W regime was studied by Hamilton (1984) , Dunkerton and Delisi (1985) , and The contour interval for W-E differences in PV gradient is 100 PV units (PVU) per 108 at 1300 K and 6 PVU per 108 at 650 K. Differences exceeding 85% significant are shaded dark (light) for stronger (weaker) PV gradients during QBO W. The circle size indicates W-E differences in RWB frequency (largest 5 25 rpc). Circles are shaded light (dark) for more (fewer) RWB events during QBO W. RWB is more frequent on the flanks of QBO W (light circles) where the PV gradient is reduced (light shading). Hitchman and Leovy (1986) , who interpreted it in terms of the convergent meridional circulation at the westerly maximum. Hitchman et al. (1997) suggested that there is a longitudinal preference for this signal in the Indian Ocean-Indonesian sector. Recent work by Hamilton et al. (2004) describes zonal variations in the stratospheric general circulation model and suggests other possible explanations for longitudinal asymmetries in tropical zonal winds. Regionally enhanced inertial instability may play a role, as suggested by potential analogs in the ocean (d'Orgeville et al. 2004; d'Orgeville and Hua 2005) . The present climatological results support the existence of this feature reported in previous studies of the tropical middle atmosphere. Further detailed investigation would be required to determine whether this is an artifact of data assimilation or is supported by local observations.
Conclusions
Global analyses over 10 QBO cycles were used to explore the influence of the QBO on wind structures and the distribution of RWB. The five shear indices across different layers allowed for a systematic exploration of QBO influence according to QBO phase, season, and hemisphere.
Two previous relationships were confirmed and new statistically significant relationships were described. Primary results may be condensed into the following three modes. Mode A relates lower stratospheric QBO W to a stronger PNJ during NH winter only. Mode B relates middle stratospheric QBO W to a stronger PNJ during spring. Mode C relates middle stratospheric QBO W to a weaker PNJ during fall. The reverse-signed relationship between the QBO and PNJ strength tends to occur for modes A-C when QBO E are present. It would be interesting to carry out idealized simulations to model the wave structure and its interaction with the mean flow for each of these unique combinations.
The effect of the QBO on the equatorial PV gradient maximum was explored. It appears to modulate the equatorial gradient in a quasi-sinusoidal fashion, with distinct enhancement during QBO W. The QBO is probably not the cause of the time-mean maximum, which may result from chronic subtropical RWB associated with inertial and barotropic instabilities.
This study focused on two distinct RWB regimes associated with the PNJs and SEJs. Planetary Rossby waves in the extratropical stratosphere interact significantly with the QBO. They can directly influence the tropics, especially during QBO W. They exist in and modify the PNJ and can influence the extratropical troposphere through vertical coupling. The synopticscale RWB in the subtropics is of a shorter scale and is strongest when the SEJ is most strongly curved.
When QBO W are in the middle stratosphere, the SEJs and RWB are stronger on both sides of the equator. When QBO W are in the upper stratosphere, the SEJ and RWB are enhanced, primarily on the summer side. This effect is strongest during DJF when NH planetary Rossby waves disturb the region and there is a stronger cross-equatorial flow and thus a stronger ''first'' SAO. Because inertial instability tends to drive flow structure toward smaller and smaller scales (O'Sullivan and Hitchman 1992) , realistic simulations of the complex processes associated with this Brewer-Dobson Lagrangian flow would require fairly high resolution.
There is a significant zonal dependence of the equatorial PV gradient maximum and flanking RWB, being stronger in the sector extending from Africa eastward to Indonesia. Gravity wave forcing over convection may intensify local meridional circulations, leading to stronger flow curvatures and increased in situ barotropic instability and RWB. Perhaps future high-resolution observations and simulations can reveal the degree to which these features are real or are artifacts of dynamical data assimilation.
